Abstract. In eukaryotes the two principal RNA components of the ribosomes are initially synthesized as a large complex precursor molecule, which may be thought of as a transcription unit. The precursor is converted, via intermediates, to the mature forms of ribosomal RNA (rRNA). In Qrder to assess the extent of variation in the size of this rRNA transcription unit among 4ifferent organisms, and to infer its possible mode of evolution, we have determined its molecular weight in several selected species. Pulse-labeled and long-term labeled RNA's were extracted from various types of cells, and analyzed by electrophoresis on acrylamide gels. Identification of particular components as rRNA precursors was made according to several stated criteria. Our results, together with an analysis of previously published data, suggest that in plants and lower animals, up to and including reptiles, the unit of transcription of rRNA is a 2.7-2.8 million dalton molecule, which is only about 25 per cent larger than its combined rRNA products. In contrast, birds, marsupials and placental mamnials, exhibit a seemingly less economical form of rRNA synthesis. Their transcription units are 4.0-4.2 million daltons, about 80 per cent larger than the rRNA products. In the organisms with the smaller transcription unit the major intermediate precursor of rRNA is 1.5-1.6 million daltons, as compared to 2.0-2.2 million daltons in birds and mammals. The significance of these findings is discussed in relation to evolutionary changes in the base composition of the ribosomal RNA genes.
In view of this striking difference and the possible limitations it might impose on a general model for rRNA production, we have investigated the sizes of the RTU's and their degree of conservation in other types of organisms, particularly in other vertebrates. Moreover, the possibility of discerning an evolutionary trend is also attractive. A similar analysis of the rRNA's themselves, indicated that in animal evolution there is a small progressive increase in the size of the large rRNA component and a constancy in the size of the small rRNA component as one ascends the phylogenetic scale. 8 Our study has been greatly facilitated by the use of in vitro cultured cells of certain selected species. With cultured cells it is a relatively simple matter to label the RTU's and to extract them from nucleoli in an undegraded form, whereas with intact tissues and whole organisms this is not always the case.
Our results, taken together with data from the literature, suggest that a 2.7-2.8 million transcription unit, of which 70-80 per cent is conserved in the conversion to rRNA, is characteristic of plants, invertebrates, and lower vertebrates up to, and including, reptiles. Birds and marsupials resemble the placental mammals, insofar as they synthesize larger RTU's and, hence, exhibit a seemingly less economical form of rRNA processing.
Materials and Methods. Animal cell cultures-(I) Sources: Mouse L cells, grown in suspension culture at 370C, were those used routinely in this laboratory.
Marsupial kidney (Potorous tridactylis, Ex ATCC no. CCL35), grown in monolayer cultures, were kindly provided by Dr Analysis of RNA's: The RNA's were analyzed by electrophoresis on 8 cm, 2.8% acrylamide gels.14 To insure that the RNA samples did not contain any large DNA strands which might clog the gels, they were incubated briefly with 100 sg/ml DNAase (DPFF, Worthington Biochemical Corp.) before layering on the gels. In most experiments the RNA sample applied to the gel was mixed with a small quantity of RNA extracted from the nucleoli of L cells that were labeled for 3.3 hr with 82PO4'. This RNA served as a set of reproducible and precise radioactive mobility markers since it contained 45S, 41S, 36S, 32S, 28S, and 18S components (cf. Fig. 1 ). After electrophoresis for 5-5.5 hr, the gels were scanned at 260 m/A on a Gilford recording spectrophotometer, frozen, sliced with a manifold of razor blades, and counted. 12 Determination of molecular weights: Molecular weights were determined graphically using the relationship between mobility and logarithm of molecular weight. 8' 15 On 10-i M EDTA, 0.2% SDS) the effect of base compositional differences on relative mobilities is, for the most part, negligibly small. In an extreme case, e.g., Drosophila vs. mammals, it leads to a slight overestimation of the molecular weights of the Drosophila components relative to those of mammals.17
Results. One or more of the following criteria were used for identifying the RTU's and the rRNA intermediates of the various organisms. (a) They must be homogeneous, well defined components, which are uniquely nucleolar constituents, i.e., they are present in the RNA extracted from isolated nucleoli, and not in RNA extracted from nucleoplasm or cytoplasm.2 5 (b) The components are methylated, i.e., they are labeled when cells are incubated under appropriate conditions with [3H ]methylmethionine.5 (c) The synthesis of the components is selectively inhibited with a low dose of actinomycin D. 2 The first RNA component to be labeled after incubation of the cells with radioactive uridine is considered to be the RTU. A nucleolar RNA component, in which label subsequently appears, is considered to be an intermediate. Figure la illustrates the acrylamide gel electrophoretic pattern of nucleolar RNA of frog cells that were incubated 1 hr with [3H]uridine. One notes two major components (A and B) which are distinct from those of a [32P]-labeled sample of L cell nucleolar RNA which was run on the same gel. Nucleolar RNA from frog cells that were labeled for 2.5 hr gave a similar pattern except that the relative amount of the A component was diminished. RNA extracted from the nucleoplasm was very heterogeneous and gave no evidence of containing com- PROC A similar set of gel profiles from experiments with reptilian cells is illustrated in Figure 2 . After a 30-minute incubation with [3H ]uridine a labeled component, A, with essentially the same mobility as that of the analogous component in frog cells, is observed (Fig. 2a) . When the incubation is prolonged for an additional two hours (Fig. 2b) , this component is still prominent and in addition the component B is evident. Both of these components are labeled when the cells are incubated with ['H]methyl-methionine (Fig. 2c) , substantiating the contention that they are rRNA precursors. The slow-moving material near the origin of the gels shown in Figures 2a and b is not methylated, and might represent very large nucleoplasmic RNA's contaminating the nucleolar RNA preparation. There were no detectable mobility differences in the RNA's from iguana cells cultivated at 300 and 370C.
A further indication that component A is indeed an RTU is that its synthesis is selectively inhibited by low doses of actinomycin D. This is seen in Table 1 Amphibian (frog) 20 70 Cells were exposed to 0.08 pg/ml actinomycin D 30-90 min, and then labeled for 0.5-1 hr with [sHluridine in the presence of drug. Control cells, not treated with actinomycin, were labeled for equivalent periods. Nucleolar RNA was analyzed on acrylaruide gels and the inhibition of the synthesis of RTU (45S component for L cells and potoroo, component A for iguana and frog) was calculated by comparing the extent of labeling of these components in control and treated cultures. Values for nucleoplasmic RNA were obtained from measurements of the total radioactivity in the nucleoplasmic fraction. For mammals and amphibians, portions of the control nucleoplasmic RNA's were analyzed on acrylamide gels to verify that they did not contain detectable amounts of RTU, and hence were not contaminated with nucleolar RNA.
where the inhibition of labeling of the 45S component in mouse and potoroo cells, and component A in frog and iguana cells, is compared with the inhibition of synthesis of the respective nucleoplasmic RNA's. Although the differential effect in the organisms with the smaller RTU was not as pronounced as that found in mammals, it was nevertheless readily detectable. Table 2 presents a summary of molecular weight data for the various organisms studied. The values for the rRNA's are in very good agreement with those reported previously by Loening.8 Whereas the small rRNA's do not differ significantly among organisms, the large rRNA's vary from about 1.3 X 106 daltons (plants) to 1.7 X 106 daltons (mammals). The RTU's seem to be essentially of two major size classes: those of approximately 4 million daltons, found in birds and mammals, and those of 2.7-2.8 million daltons, found in the plant and lower animals. The RTU of mammals is approximately 0.27 X 106 daltons larger than that of birds. This difference is more than three times the limits of error, and is thus significant.
In birds and marsupials, as in the placental mammals, the nucleoli contain a "32S-type" intermediate which gives rise to the large rRNA component by a further molecular weight reduction of some 400 thousand daltons. In comparison, the other organisms exhibit intermediates that are only about 50-200 thousand daltons larger than the respective large rRNA's. Thus in the higher vertebrates, each step in the maturation of rRNA may entail a larger reduction in molecular weight. The over-all proportion of the RTU which can be accounted for in the mature rRNA is only about 56 per cent in birds and mammals, whereas it is 70-80 per cent in the other organisms (Table 2) .
Discussion: Although in the present study we have compared only one species from a particular group of organisms, there is reason to believe that the sizes of the RTU's and the relative amounts of nucleotide conserved in the RTU-sorRNA transition are typical of the groups which these species represent. For example, among cells derived from placental mammals, the size of the 45S RTU of mouse L cells seems to be indistinguishable from that of human HeLa cells6 or from that of rat liver tissue. This analysis makes it reasonable to consider two major events in the evolution of the mechanism for rRNA production. The earliest event involves a change from the transcription of individual rRNA components, as occurs in prokaryotes,27 to the production of a complex precursor molecule containing both rRNA components, as occurs in eukaryotes. The transcription unit, a molecule of about 2.7 million daltons, appears to have remained relatively uniform in size throughout long periods of plant and animal evolution. The second event involves an abrupt increase in the size of the RTU from 2.7 million daltons (20-30% larger than the sum of the rRNA's) to about 4 million daltons (about 80% larger). This event could have occurred in early reptilian evolution, and have been stabilized, with a minor variation, in the separate branches which led to birds and mammals. It should be noted that the multiplicity of rRNA genes, which is a common property of all organisms, requires that any mutational event which changes the size of the transcription unit be propagated or magnified so as eventually to embrace all the rRNA gene copies.
A central question, which for the moment remains in the speculative realm, is whether vertebrate evolution of the RTU entails an enlargement of the genes to include additional nucleotide sequences, or alternatively whether these sequences are present in the lower forms as "spacers" which are not transcribed.
One piece of evidence that might support the latter contention is the electron microscope observation of Miller and Beatty28 suggesting the possible existence of nontranscribed portions of amphibian rRNA genes. These spacer segments correspond to about 40 per cent of a ribosomal cistron or roughly 1.1 million daltons. This correlates reasonably with the 1.2-1.4 million difference between bird or mammalian and amphibian RTU's. If such were the case, the evolutionary event could be explained in terms of a change in an initiator or terminator signal that would allow full transcription of the entire segment, including the 3 spacer.
Although there appears to be homology in base sequences of the rRNA genes among various organisms," there is also a great deal of variability in sequences as evidenced by the extreme differences in base composition between the high G-C rRNA's of animals such as mammals or amphibians and the high A-U rRNA's of Drosophilia or Tetrahymena. Moreover, among different organisms the base compositions of the nonconserved portion of the RTU's are even more disparate than those of the rRNA's (Table 3) . Thus it seems clear that during the course of evolution substantial changes in the DNA base sequences determining the RTU have occurred in both conserved and nonconserved regions without appreciably affecting the size of the transcription unit. This in turn suggests that strong selective pressures were responsible for maintaining the size of the RTU throughout the early periods of evolution. These pressures t Calculated by difference from the C-G contents of RTU and rRNA, using published molecular weights and those given in this paper.
were probably as strong as those preserving the size of the small rRNA component, and perhaps greater than those governing variations in the large rRNA component (cf. also ref. 8 ). As to the causes for selection in birds and mammals of the larger RTU and the less conservative processing mechanism, one can imagine these to be related to some property shared by all the cells of such organisms, for example, maintenance at a constant elevated temperature, an obligatory condition in homeothermic animals.
